ABSTRACT: A series of nickel pincer complexes with terminal alkoxo ligands [( iPr PCP)Ni-OR] (R = Et, nBu, iPr, CH2CH2OH; iPr PCP is the 2,5-bis(diisopropylphosphinomethyl)phenyl pincer ligand) have been synthesized and fully characterized. Together with the previously reported methoxo analogues of Ni and Pd, these constitute a unique series of isostructural late transition metal alkoxides. Spectroscopic and X-ray diffraction data provide direct indications of the strong polarization of their covalent Ni-OR bonds. One of the most salient features of this class of compounds is their facile hydrolysis with traces of moisture, leading to equilibrium mixtures with the corresponding hydroxides [( iPr PCP)M-OH] (M = Ni or Pd) and alcohols, ROH. To compare the hydrolytic stability of nickel and palladium alkoxides, we carried out NMR titrations of both hydroxides with several alcohols, and determined the corresponding equilibrium constants. In general, these constants are ca. one order of magnitude smaller for M = Ni than Pd, indicating that Ni alkoxide complexes are more readily hydrolyzed than their Pd counterparts. For alkoxide complexes containing heteroatom-free R groups, the tendency to hydrolyze decreases as the parent alcohol ROH becomes more acidic, i. e., R = Me > Et > iPr. This intuitive trend is broken for 2-methoxyethanol, the most acidic alcohol investigated. The hydroxo/2-methoxyethanol exchange equilibrium constants are comparable to those of ethanol (M = Ni) or methanol (M = Pd), showing that the corresponding 2-methoxyethoxide complexes are more prone to hydrolysis than anticipated. These experimental observations have been rationalized in the light of DFT calculations.
INTRODUCTION
Well-defined late transition metal complexes containing nondative s metal-heteroatom bonded ligands, such as hydroxo, alkoxo, amido or fluoro compose a fascinating class of compounds. 1 While these are commonly found as inert or spectator ligands in complexes with metals from groups 4 -6, they become less common and more reactive in those of the second half of the transition series. Hydroxide and alkoxide complexes of Pd and other late transition metals have long been known to participate as key intermediates in important catalytic processes, such as the Wacker reaction 2 as well as in relevant biological processes. 3 The origin of the distinct reactivity of this class of late transition metal complexes has been largely debated. In general, the electronegativity difference between metals and heteroatoms E = N, O or F leads to strongly polarized M d+ -E d-bonds. In early transition metal derivatives, the electron density excess on the heteroatom is alleviated by p donation from the non-bonding electron pairs of the heteroatom into empty metal d orbitals. The p interaction not only decreases the basicity of E, but contributes to the strength of the M-E bond. For late transition metals, there are fewer empty d orbitals, and these may not have suitable symmetry to accept p-donation from covalently bound heteroatoms. In consequence, late transition metal hydroxide or alkoxide complexes resemble those of electropositive main-group elements or post-transition metals in their strongly basic and nucleophilic character. 4 Moreover, it has been argued that the basicity of the heteroatom is further enhanced by non-bonding interactions of its lone electron pairs with the filled d orbitals of the metal. 5, 6 Although the general consensus is that the effect of repulsive p-d interactions is small, 7 there are other factors that admittedly contribute to boost the reactivity of late transition metal amides, alkoxides, fluorides, etc., such as the soft/hard mismatch between the metal and the heteroatom, 1a or kinetic effects due to the coexistence of contiguous Lewis-acidic metal and a basic heteroatom ligand. 1f Over the last two decades, a growing evidence has built showing that migratory insertion and other typical reactions of sorganometallic compounds is not limited to M-C bonds, but can also involve reactive bonds between late transition metals and N, O or even F atoms. 8, 9 The combination of basic/nucleophilic and "organometallic-like" reactivity of late transition metal-heteroatom bonds has guided the design of new catalysts for many useful transformations, such as transfer hydrogenation, 10 hydrogen-borrowing amination of alcohols, 11 alcohol dehydrogenation 12 and oxidation, 13 or carbon-heteroatom cross-coupling reactions, 14 that have become essential parts in the contemporary toolbox of Organic Syntheses.
The high reactivity of late transition metal complexes with sheteroatom bound ligands, although essential for their role as catalysts, can be also detrimental in terms of catalyst lifetime and selectivity. It also poses many practical challenges for fundamental reactivity studies. Late transition metal alkoxides can be thermally sensitive 15 and are in general very sensitive to hydrolysis by residual moisture. Thus, despite their importance in catalysis, few late transition metal alkoxides other than methoxides have been fully characterized. For group 10 metals, most of them are derived from considerably acidic fluoroalcohols 16 or have metallacyclic structures. 17 The Cambridge Structural Database contains no crystal structures of Ni, Pd or Pt monomeric complexes containing such common alkoxo ligands as ethoxide, n-butoxide or iso-propoxide.
In recent years, strongly chelating pincer ligands have been widely used to stabilize many types of otherwise difficult to handle metal species, decisively contributing to the advancement of Homogeneous Catalysis. 18 Nickel 19 and Platinum 20 t-butoxide complexes containing different tridentate pincer-type ligands have been reported, although the M-OR linkages in these complexes are stabilized by intramolecular hydrogen bonding or interactions with an alkaline cation. Hitherto, the only structurally authenticated example of a monomeric Pd complex bearing a primary alkoxo ligand, contains a PCP scaffold. 21 Our group has contributed to the exploration of pincer ligands for the stabilization of nickel and palladium complexes containing reactive s-metal-heteroatom bonds. We have shown that the 2,6-bis(isopropylpholphino)methylphenyl ligand ( iPr PCP) is particularly well suited for this purpose, and reported some of the first examples of pincer-type complexes of nickel and palladium containing terminal hydroxo, 22 amido 23 9b While the Pd-OMe complex decomposes readily in alcohol solvents, its nickel analogue is considerably more stable. In view of their potential utility in catalytic processes, we decided to investigate iPr PCP-stabilized Ni and Pd complexes containing higher alkoxo ligands arising from common alcohols. We are particularly interested in assessing the stability and hydrolytic sensitivity of this type of compounds, as this is an important factor for catalytic and biological processes in which water is a reaction product, like alcohol carboxylation 24 or the oxidation of alcohols in the liver by the alcohol dehydrogenase enzyme. 25 Herein we report the synthesis and full characterization of a series of isostructural nickel alkoxides (ethoxide, n-butoxide, i-propoxide and glycoxide). In order to assess the hydrolytic stability of nickel alkoxides and compare with those of their palladium analogues, we measured the equilibrium constants from the exchange reactions of hydroxide complexes and different alcohols, and used DFT calculations to inquire on their dependency on the nature of the alkoxo ligand and the metal.
RESULTS AND DISCUSSION
Syntheses and characterization of alkoxide complexes. As mentioned, we previously reported the syntheses and X-ray structures of the nickel and palladium methoxides stabilized with pincer lig- 6b In practice, we found the latter method more convenient for routine synthetic procedures, since both Ni an Pd amides can be generated in situ from the readily available halide precursors [( iPr PCP)M-X] (M = Ni, X = Br, or M = Pd, X = Cl). Now, we have extended this procedure to prepare complexes with higher alkoxo ligands (Scheme 1). The 31 P NMR spectra of the crude reaction mixtures confirm that these are very clean reactions, but usually show a residual peak of the starting halide complex that apparently cannot be converted (< 5 %). We attribute this to the OR /X exchange with sodium halides (X = Br, Cl) generated in the first step. In the case of the nickel complexes, the main difficulties for the isolation of the alkoxide complexes in pure form come from their high solubility in non-polar solvents and their sensitivity to traces of moisture. Indeed, the tendency to hydrolyze visibly increases from the methoxide to the higher alkoxide complexes, becoming extreme for the isopropoxide derivative 4. However, we found that careful crystallization from mixtures of hexane and poorly solvating hexamethyldisiloxane (HMDS) affords orange or reddish crystals of compounds 2 -5. Consistent with our previous studies on the thermal stability of methoxides 1a and 1b, 9b Ni complexes with higher alkoxo ligands are thermally very stable and only reluctantly undergo b-hydrogen elimination. For example, the 31 P NMR signal of the hydride [( iPr PCP)Ni-H] was observed when a C6D6 solution of the Ni-OiPr complex, 4, was heated at 100 ºC in a gas-tight tube, but the conversion only reached 10 % after 30 h. Although 31 P monitoring showed that exchange reactions of the Pd amide complex with higher alcohols also proceed cleanly, attempts to isolate pure samples were unsuccessful. Their solutions gradually darkened as they rested at -20 ºC for weeks or months, suggesting that, like, 1b, these complexes are thermally unstable. This, combined with their high solubility in non-polar solvents and hydrolytic sensitivity prevented these compounds to crystallize. Therefore, we did not pursue our efforts to isolate these Pd complexes, focusing our effort on the characterization of the nickel derivatives. Scheme 1.
Nickel alkoxide complexes 2 -5 have been fully characterized by elemental analysis, NMR and FTIR spectroscopies, and X-ray diffraction. Their NMR spectra are consistent with the proposed structures and show the signals expected for square-planar complexes containing symmetrical pincer scaffolds and terminal OR ligands. The 13 C spectra provide a first insight on the nature of the Ni-OR bond. In a preceding article 6b we showed that, in a series of complexes [( iPr PCP)Ni-Y], the signal of the carbon atom directly attached to the metal (ipso-C) gauges the s-donor capacity of the anionic ligand placed in trans, Y. The parameter Dd(i-C), defined as d(ipso-C) -d(1-CH in the free ligand), takes values between 16.1 and 49.5 for the weakest s-donor (Y = triflate) and the strongest (Y = hydride), respectively. According to common concepts, we expected that the donor capacity of alkoxo ligands should increase in parallel with the solution basicity of alkoxide anions, i. e., in the order Me < primary < secondary. However, the R group of the alkoxo ligand has very small influence on Dd(i-C). For 1a, 2, 3 and 4, the signal of the pincer ipso-C atom appears within a very narrow ) and somewhat lower than that of hydroxide (32.0), and is almost independent of R. The insensitivity of Dd(i-C) to the R group suggests that Ni-O bonds are partially ionic, which prevents effective transmission of the electronic influence of the R group to the metalbound ipso-C atom. Noteworthy, the Dd(i-C) for 5, 27.6, denotes a slight but significant decrease of the s-donor capacity of the -OCH2CH2OH ligand, as compared to the rest of alkoxide complexes. This effect could be due to the influence of the electronegative b-OH group, but it in view of unimportant role of R for Dd(i-C) in other complexes, it could be also related to the stabilization of the M-OR linkage by hydrogen bonding (see below). Figure 1 shows ORTEP views of the crystal structures of complexes 2 -4, and that of 5 is shown separately in Figure 2 . Selected bond distances and angles for 2 -5 are collected in Table 1 , where they are compared with those previously reported for Ni and Pd methoxides 1a and 1b. As mentioned in the Introduction, complexes of the late transition metals containing non-fluorinated or metallacyclic alkoxo ligands different from methoxide are still rare, and within the group 10 elements, very few have been characterized structurally. 21 Together with the previously reported methoxides 1a and 1b, the series comprising compounds 2 -5 constitutes a unique collection isostructural late transition metal alkoxides.
The crystal structures of these alkoxide complexes show monomeric square-planar M(II) units with very small degrees of tetrahedral distortion. Structural comparisons are somewhat complicated by crystallographic peculiarities. For compounds 1a, 1b and 2, Table 1 lists two series of values because the unit cell contains two independent molecules with small but statistically significant differences in the bond distances and angles. In addition, the structures of 1b, 4 and one of the independent molecules of 2 exhibit positional disorder of the alkoxo ligand that adopts one of two possible orientations rotated ca. 180º, with essentially equal probabilities. As these conformations are approximately equivalent, and the disorder has little effect on the geometric bond parameters, these have been averaged in Table 1 for the sake of simplicity (figures in italics).
As usual, the rigid pincer ligand largely determines the bond lengths within the chelate scaffold. Thus, it is not surprising that the lengths of Ni-C and Ni-P bonds are very nearly the same in all nickel derivatives, ca. 1.92 and 2.17 Å, respectively. Less obviously, Ni-O bond distances in 1a and 2 -4 are also very similar, ranging between 1.85 and 1.90 Å. On the contrary, the M-O-C angle is quite sensitive to the steric bulk of the alkoxo ligand, becoming wider as the steric hindrance increases, i. e., 1b < 1a < 2 < 3 < 4. Both the invariance of the Ni-O length and the flexibility of the Ni-O-C angle are in line with the polar nature of the metal-oxygen interaction, as a purely ionic one would be insensitive to the influence of R and non-directional.
Two other structural features of the strongly polarized Ni-OR linkages in 1 -4 can be connected to the excess of electronic density on the O atom. One of them is the orientation of the OR ligands with regard to the [(PCP)M] fragment. As noted previously for 1a 22 and 1b, 26 in 2 -4 the alkoxo ligands seem to systematically avoid the plane perpendicular to the metal fragment, where the steric hindrance of the iPr PCP ligand would be minimized. The (PCP)MOÙMOC angle formed by the mean coordination plane of the metal ((PCP)MO) and that defined by the metal, oxygen and a-C atoms of the alkoxide (MOC) is close to 45º in 1a, but becomes even narrower in the ethoxide 2 (31.8º) or the n-butoxide 3 (17.4º). In the i-proxopoxide 4, the fragments are almost coplanar ((PCP)MOÙMOC = 11.8º, average value for two independent molecules). Burger and coworkers observed that square-planar Ir(I) methoxide complexes bearing bis(imino)pyridine ligands exhibit nearly coplanar arrangements and, on the basis of DFT calculations, and attributed this feature to the repulsion between the filled oxygen p orbitals and the in plane dxy orbital. 27 Similar reasons can be invoked to explain the preferred configurations of our nickel alkoxide complexes in the solid state. The angles observed in each case correspond to the orientation that simultaneously minimizes steric repulsions and electronic interactions of the oxygen lone pairs with the filled dxy and dxz orbitals of the metal. Since solution NMR spectra are consistent with free rotation of the alkoxo ligands, the energy involved in such interactions must be small. Remarkably, steric repulsions appear to overcome such electronic effects in palladium complexes [( tBu PCP)Pd-OR], 21 containing the more encumbered pincer tBu PCP, whose crystal structures show the alkoxo ligand lying almost perpendicular to the coordination plane (OR = neopentoxide, 64.9º; 2-fluoroethoxide, 79.7º).
The second geometric feature related to the polar nature of the alkoxo-metal interaction is the anomalously short O-C bond, consistently observed in the structures of complexes 1 -4. These range between 1.26 and 1.35 Å, ca. 0.13 Å shorter in average than typical O-C sp 3 bonds (1.41 -1.43 Å). 28 The magnitude of the effect is somewhat variable even for molecules within the same unit cell (compare those in 1a), and might be biased by the disorder of the alkoxo ligand (e. g., in 4). The O-C (1.278(8) Å) is distinctly short in the case of 3, whose structure is free of these problems. Similar bond contractions were noted in other late transition metal methoxide derivatives, 1a as well as in fluoroalkoxides. 16c Very likely, this contraction of the O-C bond is a physical manifestation of the excess of electron density on the O atom, resulting from the polar nature of the M
Computational HF 29 and DFT 30 studies predict that the O-C bond of isolated alkoxide anions is considerably shorter than in the corresponding alcohols. An interpretation for the O-C bond contraction of alkoxide anions invokes p bonding between O and C arising from the interaction of the oxygen electron pairs with the empty s* orbitals of vicinal b-C-H or C-C bonds (negative ion hyperconjugation, in valence-bond terminology 30b ). Wiberg provided an alternative rationale, as a classic electrostatic effect arising from the coulombic attraction between the negatively charged oxygen and the strongly polarized R group. 29a Whatever explanation is preferred, the consequence is a reinforcement of the O-C bond, that should translate into increased force constants. This is supported by all the abovementioned theoretical calculations, which consistently predict that the contracted O-C bonds of alkoxide anions have higher stretching frequencies than the corresponding alcohols. Therefore, it is pertinent to compare the IR spectra of the alkoxide complexes to those of the corresponding alcohols ( Table 2 ). The IR spectra of the alkoxides contain medium to strong intensity bands in the proximity of 1100 cm -1 that are absent in the spectra of the parent halide complexes [( iPr PCP)M-Br/Cl]. We assign these bands to normal vibration modes related to the n(C-O) stretch. Our assignments are supported by the excellent agreement with DFT frequency calculations on the same molecules carried out at the PBE/6-31+G* level of the theory, also listed in Table 2 . The experimental spectra of methoxides 1a and 1b show each one such bands at 1088 and 1078 cm -1 , respectively. These are slightly over 50 cm -1
higher than the corresponding band in methanol (1028 cm -1 ). This points to small but significant increases of the force constants of the O-C bonds in both methoxides. In higher O-R groups, the stretching vibrations of O-C bonds couple with C-C and C-H vibrations, resulting in the observation of multiple bands associated to n(C-O) in the IR spectra. 31 For example, in the case of 2 we assign two bands at 1102 and 1054 cm -1 , which according to the DFT calculation correspond to the symmetrical and antisymmetrical combinations of the C-O stretch and a methyl flexion. The analogous bands in ethanol occur at 1092 and 1051 cm -1 . The situation becomes more complicated for i-propyl derivative but, as can be seen that the frequencies of the IR bands appear to be almost at the same for the coordinated alkoxo ligand and the alcohol. This could be due to the dilution of the C-O stretch as the normal vibration modes become increasingly less "pure". Figure 2 shows the crystal structure of the glycoxide complex 5. The molecules of this compound associate in the solid state, forming dimers in which each terminal hydroxyl donates a hydrogen bond to the alkoxide oxygen of its neighbor. Group 10 metal complexes containing basic s-ligands (fluoride, hydroxo, alkoxo, amido, etc) are excellent hydrogen bond acceptors. 6a For palladium aryloxides 16b,32 or platinum fluoroalkoxides, 33 the energy of such interactions has been estimated in 4 -15 Kcal·mol -1 , and the oxygen-oxygen O···(H)O distances range between 2.5 and 2.8 Å. In 5, the distance between the H-donor (O2) and acceptor (O1) oxygen atoms (2.600(3) Å) are closer to the lower edge of this interval, and the H-bond interaction (O1'···H-O2, 174.5º) are very nearly linear, suggesting that the OH···O interactions are comparatively strong. Interestingly, although the configuration of the glycoxide chain is almost identical to that of the n-butyl in 3, the dihedral angle formed by the ligand and the coordination plane is the largest in the series (51.1º), and the alkoxo NiO(1)-C (21) Very likely, the differences between the structure of 5 and other alkoxide complexes, namely, the normal O-C bond length and lack of preference for in plane orientation of the alkoxo ligand, are consequences of the electrostatic stabilization of the metal-bound oxygen by hydrogen bonding. As mentioned before, hydrogen bonding could be also related to the small but distinct decrease of the Dd(i-C) parameter for compound 5 as compared to1 -4, but this would imply that hydrogen bonding is maintained also in solution.
1 H NMR spectroscopy data for 5 provides evidence for this (Figure 3 ). The broadening of the terminal CH2 and OH signals is probably caused by intermolecular exchange of the hydroxyl proton. However, the signal of the oxygen-bound a-CH2 methylene is not a triplet, as expected for a freely rotating -CH2-CH2-unit, but a multiplet, indicating that rotation is restricted. Accordingly, the shape of this signal was successfully simulated treating the CH2CH2OH unit as an AA'MM'X spin system, with JAA' ≈ JMM' ≈ -6.0 Hz, JAM = 3.8 Hz and JAM' = 5.8 Hz (Figure 3, top) . The obvious cause is hydrogen bonding, but not necessarily as seen in the solidstate structure. A DOSY experiment showed that the molecule of 5 has a smaller hydrodynamic radius than a bona fide dimeric complex, the binuclear carbonate
used as internal reference. The molecular size estimated for 5 was fully consistent with a monomeric structure, suggesting an intramolecular hydrogen bond (see details in ESI). According to a DFT calculation (PBE-D3/6-31+G**, see Figure 3 , bottom), this intramolecular interaction stabilizes the molecule by 4.0 Kcal/mol.
Hydrolysis equilibrium constants. As mentioned before, compounds 1 -5 readily react with water traces giving rise to the hydroxide complexes [( iPr PCP)M-OH)] (M = Ni, 6a or Pd, 6b), plus free alcohol. The reaction is reversible, and when the hydroxides are treated with alcohols, equilibrium mixtures containing the element bonds, 7, 25, 35 and provide a means to assess the hydrolytic stability of alkoxide complexes. 25 The corresponding equilibrium corresponding alkoxides are formed (Eq. 1). Equilibria of this kind are useful tools to inquire on the nature and properties of s metalelement bonds 7, 25, 35 and provide a means to assessthe hydrolytic stability of alkoxide complexes. 15 The corresponding equilibrium constants, K1, are shown in Table 3 . These were determined in C6D6 solution by careful titration of known amounts of the hydroxides 6a or 6b with the corresponding alcohol, and using 31 P{ 1 H} spectroscopy to determine the evolution of the hydroxide/alkoxide ratio (Table 3) . Control experiments showed that the equilibrium situation is rapidly attained after each addition of alcohol. One of the potential problems of this method is alcohol association to the hydroxide or alkoxide complexes, which might have some influence on the value of the equilibrium constants. In the case of ethyleneglycol, intramolecular hydrogen bonding would represent an additional complication, therefore we replaced this alcohol with 2-methoxyethanol for equilibrium measurements. As the alcohol concentration is increased, the degree of association would also increase, causing the apparent values of K1 to shift. Nevertheless, in all the cases studied, their values remain within acceptable limits along the experiment, as indicated by the reasonably small standard deviations associated to their average values. This suggests that intermolecular alcohol association does not perturb seriously the ideal equilibrium described by Eq. 1.
As expected for hydrolytically sensitive alkoxides of Ni and Pd, the equilibria given by Eq. 1 are strongly displaced to the left side (i. e., K1 << 1). Equilibrium concentrations of isopropoxide 4 generated from 6a and isopropanol are always below the NMR detection threshold, reflecting the experimental difficulty of handling this alkoxide. Measurable amounts of 4 were formed when the methoxide 1a was titrated with isopropanol (Eq. 2), but some hydroxide (6a) is always formed, since absolute exclusion of water is very difficult to achieve. Although this problem complicates the use of reaction 2 for quantitative purposes, the corresponding equilibrium constant was estimated as K2 ≈ 0.02, assuming that nearly all the water present in the system becomes trapped in 6a. The equilibrium constant for the exchange of hydroxide with isopropanol was estimated as K1
(iPrOH) = K2 ´K1 (MeOH) . Other than this particular case, K1 values are large enough to allow the existence of significant amounts of the corresponding alkoxide complexes in equilibrium with water. K1 values not only depend on the type of alcohol, but also on the metal: these are one order of magnitude smaller for Ni than for Pd, indicating that nickel alkoxides are much more sensitive to hydrolysis. It may seem paradoxical that, in spite of the lower thermal stability of Pd alkoxides, they are less prone than those of Ni to become hydrolyzed by water traces. This point is addressed at the end of this section. Table 3 . Hydroxide/Alcohol Equilibrium constants K1, and pKa for alcohols in dmso. Modeling the hydrolysis equilibria. In a seminal work on the bond strength of Ru and Pt, Bryndza and Bercaw found that the exchange reactions of complexes [Cp*(PMe3)2Ru-OH] and [(dippe)Pt-OMe] with weak protic acids H-ER' have equilibrium constants close to unit (Eq 3; OR = OH or OMe). 35 The significance of this statement was then analyzed in terms of the individual contributions of the chemical bonds being formed and broken to the energy balance. If such equilibria involve small entropy changes, then DHº ≈ DGº ≈ 0, . i. e., these are thermoneutral processes. Reaction enthalpies can be broken down as the algebraic sum of bond dissociation energies (BDE's or D), as shown in Eq 4. The latter expression can be rearranged (Eq. 5) to show that the difference of the BDE's of bonds M-ER' and M-OR (or DDM-ER' ) should be approximately equal to the difference of the BDE's of H-ER' and H-OR (DDH-ER'). The differences DD are interpreted as relative BDEs, expressing the strengths of M-ER' and H-ER' bonds with respect to M-OR and H-OR, respectively. The consequence of Eq. 5 is that the nature of the anionic group ER' has approximately the same effect on the strengths of the corresponding LnM-ER' and H-ER' bonds. This led the authors to propose that, in terms of bond strength, late transition metal fragments behave essentially as
equilibria of type 3. Rather, the more electronegative the ER' group is, the more the equilibrium shifts to the right. 7a Actually, the influence of the metal fragment on the thermochemical balance of such protic equilibria is considerable. For example, Table 4 collects literature data for equilibrium constants corresponding to reversible exchange reactions involving methanol and monomeric hydroxide complexes of late transition or post-transition (Zn) metal complexes, that can be compared to K1. As can be seen, these Keq values span over 4 orders of magnitude, which indicates widely different hydrolytic stabilities. The K1 values determined in this work for the exchange of the hydroxide complexes of Ni (6a) and Pd (6b) with MeOH are only above the Zn complex, in the bottom line of the table, indicating that the corresponding methoxides 1a and 1b, in especial the Ni derivative, are among the most hydrolytically sensitive of their class. Interestingly, the OH/MeOH exchange equilibrium constant cited by Goldberg for the for the [( tBu PCP)Pd] fragment, 0.3 ± 0.1, 21 is larger than that for the 6b / 1b couple (0.06 ± 0.03 if the experimental error is taken as 3s). This suggests that, in comparison with their iPr PCP analogues, the stability of Pd alkoxides containing the bulkier tBu PCP pincer not only stems from kinetic stabilization by steric effects, but also from their better tolerance to moisture for thermodynamic causes. Such deviations of protic exchange equilibria from thermoneutral behavior have been interpreted as a consequence of the more polar nature of the M-ER' as compared to the H-ER' bonds.
7,25
The BDE of polarized bonds contain significant contributions from covalent and ionic bonding, but analyses of the equilibrium constants in terms of Drago's E-C theory indicated that the ionic contribution plays a dominant role in the energy balance of protic exchange equilibria of late transition metal complexes. 7 The ionic contribution to BDE is connected to the acid strength of H-ER', because the stronger acids are those containing more electronega-
If K eq ≈ 1 and ΔSº ≈ 0:
tive ER' groups. Furthermore, the influence of ER' on BDEs should be more pronounced for M-ER' than for H-ER' bonds because the latter have more covalent (or less ionic) character. It is the differential influence of ER' on DDM-ER' and DDH-ER' that causes the shift of the exchange equilibrium in favor of the metal complex coming from stronger acids. By this line of reasoning, the K1 equilibrium constants for Eq 1 would be expected to decrease in the order MeOCH2CH2OH > MeOH > EtOH > iPrOH (see literature pKa data in dmso listed in Table 3 ). The data fit the expected sequence for the latter three alcohols, but the situation is less clear for methoxyethanol. The latter is the stronger acid in the series (pKa = 26.5), yet the value of K1 (OCH 2 CH 2 OMe) for Pd is similar to that of methanol (pKa =27.5) and for Ni is between those of methanol and ethanol (pKa = 28.2). Moreover, since 2-methoxyethanol is a stronger acid than water (at least in dmso), it would be reasonably expected that 2-methoxyethoxide complexes would be quite resistant to hydrolysis. In fact, not only the K1 value for 2-metoxyethanol, but also for methanol, seem surprisingly low considering that water (pKa = 27.9) is a weaker acid than both these alcohols in non-protic organic solvents like dmso. Note that that this "common sense" interpretation of the hydrolytic stability of alkoxides M-OR based on the acid strengths of alcohols gives the right answer for the wrong reasons. Water is not the strongest acid in the series, but, on the contrary, it behaves as a very weak acid in non-protic solvents. The common perception of water as a significantly stronger acid than most alcohols only becomes true in protic solvents, like water itself. 36b, 39 DFT calculations. To gain a better understanding of the factors behind the trends in hydrolytic sensitivity of Ni and Pd alkoxides, we developed a theoretical model that provides a reliable description of the real system. Because the free energy variations of hydroxide/alcohol exchange equilibria (Eq. 1) are relatively small, we decided to model the full molecular structures without simplifications (see the Experimental Section for details). The computationally inexpensive DFT method PBE/6-31G* was found to provide a reasonable agreement with the experimental X ray diffraction geometries. Most features of the experimental structures complexes discussed above, such as the orientation of the alkoxo ligands with respect to the coordination plane, M-O bond lengths or M-O-C angles were satisfactorily reproduced. However, the contraction of alkoxide O-C bonds observed experimental X-ray structures was not observed in the optimized geometries (see Table S2 , ESI). This was not improved by using of hybrid functionals (B3LYP, wB97x), supplemented with empirical dispersion corrections and/or diffuse functions in the basis set (6-31+G*). Gas-phase geometries were re-optimized including an implicit solvent model (PBE/6-31G*/CPCM) and the wavefunction was refined by means of a higher level single point calculation using a triple-zeta quality basis set in all atoms and the same solvent model (see Computational Details in the Experimental section).
Equations 6 -8 describe how BDE analysis is applied specifically to the Ni/Pd hydroxide-alcohol exchange (Eq. 1). Enthalpies ∆ % can be broken down in BDE's M-OR and H-OR , as shown in Eq 6. This is rearranged in Eq 7, in which the enthalpy is expressed in terms of relative BDE's, ∆ H-OR and ∆ M-OR referenced to the H-OH or M-OH bonds, respectively. This is computationally advantageous because ∆ H-OR and ∆ M-OR , are the enthalpy changes of the hypothetical processes (8) and (9), in which the number of each type of chemical bonds and nonbonding electron pairs is conserved. This type of processes (called isodesmic) is particularly appropriate for the calculation of energy balances. 40 Note that, as indicated in Eqs 8 and 9, BDE's can be defined either as homolytic or heterolytic, depending on whether the bond breaking process leads to neutral or ionic species. Because electroneutral species are less influenced by solvent effects, homolytic BDE's are usually preferred over their heterolytic counterparts, but it can be readily shown that the heterolytic approach is mathematically equivalent. 25 The results of our computational study are summarized in Table  5 . Computed free energy balances for Eq. 1, ∆ % & , are shown in the first data block, where these are compared with experimental values (calculated as ∆ % & = − ( % )). As can be seen, the agreement between the series of data is excellent for Ni, and somewhat poorer for Pd. At this point we cannot advance a definitive explanation for this, but it could be related to the use of a special basis function (def2-TZVP) to describe Pd atoms in energy calculations. General trends are reasonably well reproduced in both series of data. Specifically, the larger experimental K1 equilibrium constants observed for Pd are reflected in the ∆ % & figures that are systematically less positive for Pd than for Ni. The success of the theoretical model in reproducing the main experimental facts encouraged us to analyze in more detail the origin of the different hydrolytic sensitivities of the nickel and palladium alkoxides. Table 5 lists also the reaction energies (assimilated to reaction enthalpies ∆ % & ) computed for Eq 1, as well as their breakdown in terms of homolytic or heterolytic relative BDE's, ∆ .
Compared to free energies, ∆ % & (either experimental or theoretical), the computed enthalpies ∆ % & are significantly more favorable (less positive) for Ni, and even slightly negative for M = Pd, implying that the characteristic sensitivity of Ni and Pd alkoxides to hydrolysis is, in part, an entropy effect. The entropy contributions are small but not negligible, ranging between -5 and -9 e. u., except for the degenerate exchange processes of the first row in Table 5 , that, by definition, are 0. These values are realistic and comparable to the -9 e. u. cited in the literature 7a,25 for related exchange reactions. The close to zero enthalpy changes predicted by the theoretical model evidence the fact that the OH and OR group have similar electronegativity. Despite their small values, computational enthalpies parallel those of the experimental ∆ % & . This confirms that the qualitative order of hydrolytic stabilities (e. g., that isopropoxides are more readily hydrolyzed than methoxides) is not "entropy noise", but is largely determined by the R group of the alkoxides. 
Table 5. DFT thermochemical data for Eq 1 (benzene as solvent, all energies in kcal·mol -1 ). R have all similar influence on homolytic BDE's. Noteworthy, this is the same trend observed for the s-donor capacities of the OR ligands, reflected in the NMR Dd(i-C) parameter. However, since alkoxides should be expected to behave as stronger s-donors than hydroxide, the greater strength of M-OH bonds is more readily explained as an electrostatic effect than by covalent bonding. Thus, the coulombic attraction between the positive metal fragment and the negative ligands must be more intense for the compact OH than for the larger and more polarizable alkoxide groups. Note that steric effects are unlikely to play a dominant role here, otherwise BDE's would be expected to decrease steadily on increasing the hindrance of the OR group (i. e., iPrO < OEt < OMe 41 In contrast, a clearer trend emerges from the comparison of heterolytic ∆ .
As commented before, homolytic BDEs are usually preferred for reaction energy analyses, but in this case a clearer trend emerges from the consideration of the heterolytic parameters. As can be seen in Table 5 , both heterolytic ∆ M-OR and ∆ H-OR exhibit the sequence MeO > EtO > iPrO. This is largely dictated by the relative stabilities of the RO -anions in benzene with regard to OH -(see Eqs 8 and 9), which increases as the growing size of R favors negative charge dispersion through hyperconjugative or polarization effects. 42 This view is availed by the previously discussed influence of the R group on experimental n(O-R) frequencies. As ∆ M-OR decreases somewhat faster than ∆ H-OR , the values of ∆ % & , given by the difference ∆ H-OR − ∆ M-OR (Eq 7) decrease in the same order. The fact that this relationship emerges plainly for heterolytic BDEs, and less clearly with homolytic parameters, reinforces the concept that coulombic interactions dominate over steric effects or covalent bonding in defining the influence of the alkoxo R group on the ∆ % & enthalpy balance. The more pronounced influence of variation of heterolytic BDE of M-OR bonds on Ni alkoxides than in their Pd analogues could be attributed to the slightly more electropositive character of Ni, 43 but is more likely the effect of shorter bond distances for M = Ni than M = Pd. The sketch shown in Figure 4 summarizes the influence of electrostatic forces on the strength of the M-O bonds.
Consistent with our interpretation, we found that ∆ % & correlates with the Mulliken charges localized at the oxygen atom of the alkoxide complexes, decreasing as the size of the R group increases. This relationship appears more clearly for in Ni alkoxide series (Figure 5) , probably because the wider span of ∆ % & allows more accurate comparisons. Significantly, the 2-methoxyethoxide derivative does not deviate from the correlation line. This provides a rationale for the surprisingly positive ∆ % & for R = 2-methoxyethanol, commented before. Thus, the comparatively large decrease of the thermodynamic stability of the M-O bond in the alkoxide derivatives of this alcohol is due to the ability of the 2-methoxy group to reduce the ionic contribution by removing negative charge from the metal-bound oxygen atom. In addition to relative BDE's, the last data block in Table 5 lists absolute homolytic BDE values calculated for the M-O bonds of the Ni and Pd hydroxides and alkoxides in benzene solution ( M-O ). As commented before, reliable absolute BDE are difficult to calculate, and the data may have important systematic errors due to the non-isodesmic character of the bond dissociation process. However, these errors are likely to cancel (at least in part) in the comparison values for Ni and Pd. Noteworthy, covalent Pd-O bonds appear to be ca. 4% weaker than Ni-O bonds, in absolute terms. The difference has no direct influence on the hydrolytic stabilities of the alkoxides, as these are determined by the relative bond strengths ∆ M-OR and ∆ H-OR , but it can be related to the lower thermal stability of palladium alkoxides as compared to their nickel analogues. This helps to understand the apparent contradiction between thermal stability and hydrolytic sensitivity that we mentioned before. Note that this reasoning makes a distinction between hydrolytic stability, a thermodynamic property linked to the relative stability of the M-OR and M-OH bonds, and kinetic properties, which depend on the destabilization of the alkoxide in absolute terms. For example, the lower stability of Pd-OR bonds probably enhances the nucleophilicity of palladium alkoxides in comparison with their nickel analogues (a typical ground state effect).
CONCLUSIONS
In this contribution, the factors that influence the hydrolytic stability of nickel and palladium alkoxides have been analyzed, focusing on monomeric complexes stabilized by the iPr PCP pincer ligand. Both types of compounds are quantitatively generated in solution when the corresponding amido complexes [( iPr PCP)M(NH2)] (M = Ni, Pd) react with the corresponding alcohols. A series of nickel alkoxide complexes were isolated and fully characterized. In contrast, palladium alkoxide complexes display low thermal stability, which combined with their high solubility in hydrocarbon solvents prevented their isolation as pure samples. Spectroscopic and structural data for the nickel complexes provide direct indications of the highly polar character of the Ni-O bonds. Both Ni and Pd alkoxides react readily with water, affording equilibrium mixtures containing the corresponding hydroxides. The reversibility of these reactions allowed to quantify the hydrolytic stability of the different alkoxides, measuring the equilibrium constants associated to hydroxide/alcohol exchanges. These indicate that, despite being thermally more robust, Ni alkoxides are more prone to hydrolysis than their Pd counterparts. For both metals, the hydrolytic stability of the alkoxide complexes that derive from alcohols with C, H-based R groups [(iPrPCP)M-OR] decreases in the order as the acid strength of the corresponding alcohol, i. e. OR = OMe > OEt > iPr, but the 2-methoxyethoxides behave similarly to methoxides or ethoxides, although 2-methoxyethanol is the stronger acid in the series. A computational DFT model reproduced these experimental trends. Based on the results of the theoretical study, we propose that the influence of the metal and the R groups on the hydrolysis equilibrium can be rationalized on the basis of electrostatic effects. Polarizable R groups disperse the negative charge at the oxygen atom, decreasing the ionic component of polar M-O and H-O bonds. However, the partially ionic M-O bonds of alkoxides are more destabilized by R than the prevailingly covalent H-O bonds of alcohols. These effects are more important for Ni than Pd, proving that electrostatic effects are more important in the former case. However, in absolute terms, Pd-O are somewhat weaker than Ni-O bonds, which could explain the lower thermal stability of Pd alkoxides.
EXPERIMENTAL SECTION
All operations were carried out under oxygen free nitrogen atmosphere using conventional Schlenk techniques or a nitrogen-filled glove box. Solvents were rigorously dried and degassed before use. Microanalyses were performed by the Analytical Service of the Instituto de Investigaciones Químicas. NMR spectra were recorded on Bruker DPX-300, DRX-400 and DRX-500. Chemical shifts (d) are in ppm. Solvent were used as internal standards for the reference of 1 H and 13 C spectra, but chemical shifts are referenced with respect to TMS. 31 P spectra are reported with respect to external H3PO4. 31 P{ 1 H} NMR in normal, non-deuterated solvents were carried out in THF using a capillary solution of PPh3 in C6D6 as external standard. Assignment of signals were assisted by combined onedimensional (gated-13 C) and two-dimensional 2D homonuclear 1 H-1 H COSY and phase-sensitive NOESY, and heteronuclear 13 C-1 H HSQC and HMBC heterocorrelations. IR spectra were recorded on a Bruker Tensor 27 FTIR spectrophotometer. Abbreviations for multiplicities are as usual, and the letters b and v denote broad and virtual coupling, respectively (e. g.: bm, broad multiplet, dvt = doublet of virtual triplets). Apparent constants for virtual couplings are marked with asterisk (*). Complexes  [ iPr PCP]M-X (M = Ni, X = Br, 6b OH (6a), 22 OMe (1a), 23 ; M = Pd, X =Cl, 44 OH (6b), 22 OMe (1b) 26 ) were prepared as previously described.Spectral simulations were carried out with gNMR. .5 mmol) in 20 mL of THF was transferred to a gas-tight centrifuge ampoule (a specially designed glass ampoule fitted with a gastight PTFE needle valve), which had been previously loaded with an excess (10 equiv) of NaNH2. The ampoule was sonicated in an ultrasound bath for 4 h. The resulting mixture was centrifuged, and the clear solution was transferred to a Schlenk tube via cannula. 1mL of a 0.5 M solution of ethylene glycol (0.5 mmol) in THF was added to the stirred solution and the mixture was taken to dryness. The residue was extracted with Et2O and the solvent evaporated under vacuum to remove the remaining THF. The solid was dissolved in hexane, some hexamethyldisiloxane added, and the solution was concentrated under reduced pressure. The product crystallized at -30 ºC as dark red-orange crystals that were collected by filtration and dried under vacuum. Yield: 60%. Similar procedures were applied for the preparation of 2 ( 65%); 3 (58%) and 4 (63%).
Spectroscopic and analytical data for 2-5 These reactions were carried out in NMR tubes, using C6D6 as solvent. Alcohols used in this protocol were dried by distillation from the corresponding sodium alkoxides, generated in situ by dissolving pieces of sodium in the alcohol prior to the distillation. The following experimental protocol was applied: In the glove box, a certain amount close to 0.025 mmol (6a: 10.33 mg; 6b 11.53 mg) of the corresponding hydroxide was accurately weighed in an analytical balance. The sample was dissolved in 0.6 mL of C6D6 and transferred to a NMR tube capped with a rubber septum. Another septum-capped NM×R tube was used to store the required alcohol. The tubes were taken out of the box and 31 P{ 1 H} and 1 H NMR spectra of the complex sample solution were recorded on the 300 MHz NMR spectrometer. Using gas-tight syringes of suitable volume, increasing amounts of the alcohol were taken from the reservoir tube and successively added to the sample of the complex (e. g. 0.5 µL, 1.5 µL, 3.5 µL, 6.5 µL, etc.). After each addition, the sample was gently shaken, returned to the NMR probe and the 31 31 P integrals, and the ratio of water to alcohol was deduced from the total amount of alcohol added using stoichiometry relationships. For Pd complexes, the small amount of crystallization water (ca. 0.5 equiv., observed at d 4.13 ppm) was taken into account in the calculations.
X-ray structure analysis for 2, 3, 4 and 5: A summary of the crystallographic data and structure refinement results for 2, 3, 4 and 5 crystal compounds is given in Table 6 . Crystals of these new compounds coated with dry perfluoropolyether were mounted on a glass fiber and fixed under a cold nitrogen stream. The intensity data were collected on a BrukerNonius X8ApexII CCD area detector diffractometer using Mo-Ka radiation source (l = 0.71073 Å) fitted with a graphite monochromator. The data collection strategy used was w and f rotations with narrow frames (width of 0.50 degree). 46 Instrument and crystal stability were evaluated from the measurement of equivalent reflections at different measuring times and no decay was observed. The data were reduced using SAINT and corrected for Lorentz and polarization effects, and a semiempirical absorption correction was applied (SADABS). 47 The structures were solved by direct methods using SIR-2002 48 and refined against all F 2 data by fullmatrix least-squares techniques using SHELXL-2016/6 49 minimizing w[Fo 2 -Fc 2 ] 2 . All the non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms of these compounds were included from calculated positions and allowed to ride on the attached atoms with isotropic temperature factors (Uiso values) fixed at 1.2 times (1.5 times for methyl groups) those of Ueq values of the corresponding attached atoms. 2 CCDC 1541332, 3 CCDC 1541333, 4 CCDC 1541334 and 5 CCDC 1541335
Computational Details: All DFT calculations were carried out using the Spartan16 software package. 50 A preliminary screening study was carried out to select an efficient method for geometry optimization and single-point energy calculations. We found that a combination of the GGA functional PBE and 6-31G* leads to results comparable to those of B3LYP/6-31+G* at a fraction of the computation time. Vibrational analyses were systematically carried out to confirm that the optimized geometries correspond to true stationary points (no imaginary frequencies found). A set of representative bond distances and angles was chosen to compare with the experimental geometry data (see Table S2 , ESI). In addition, we observed that IR frequencies of C-O bonds were reproduced by the PBE functional, especially in combination with the 6-31+G* basis set.
Definitive geometries used in the model were optimized with the PBE functional and 6-31G* basis set for organic compounds and Ni complexes. For palladium compounds, the basis set LACVP* was used. This comprises the same 6-31G* basis functions for all light atoms and the LANL2DZ effective core for elements beyond Kr. Solvent effects (benzene) were approximated with the Conductor-Like Polarizable Continuum Model (CPCM). Bondi-type PCM Radii for Ni and Pd, not included in the Spartan package, were set as 2.28 and 2.48 Å, respectively, based on an estimation of the covalent radii in the X-ray structures, incremented by 20 %. Depending on the type of molecule, the starting geometries were built using different strategies. For organic molecules, the most stable conformer was selected after a search with the Merck Molecular Force Field (command FINDBEST=MMFF); for nickel hydroxide and alkoxide complexes, experimental X ray structures were used, and for the palladium complexes the starting geometries were built using the nickel complexes as the starting point. Initial points for the 2-methoxyethyl derivatives were built replacing the OH in the X-ray structure of compound 5 with a OCH3, and then allowing the organic ligand to relax to the all-anti configuration. Energies were computed performing a single-point calculation on the previous geometries at the PBE/6-311++G(3df,2p)/CPCM level, adding the thermal correction from the double-zeta calculation (thermal correction = DGº -E(SCF)). At this level of the theory, Spartan uses the all-electron def2-TZVP basis set to describe the Pd atom. Calculation times were significantly reduced using the "dual" option, in which SCF convergence is first achieved at the 6-311G* level, and then corrected perturbatively for the effect of the basis set extension. Additionally, this procedure has the advantage of extending the application to the element Pd, as the extended version of the def2-TZVP basis set is currently not available. Independent tests showed that in the nickel case, the use of the "dual" option does not introduce significant variations in the results.
A modification of the above calculation method was used to improve the description of intramolecular hydrogen bond in 5. In this case, the geometry was optimized with the PBE functional including Grimme's empirical correction for dispersive forces (PBE-D3), together with the larger basis set 6-31+G** and the PCM solvent model (benzene). Non-essential iPr substituents were replaced by Me to reduce the calculation time. The stabilization gained by the hydrogen bond was estimated based on DGº comparison with that of the conformer with the Ni-O-CH2CH2OH group set in a linear conformation without hydrogen bond.
Further details and complete molecular coordinates for optimized geometries can be found in the ESI.
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